unknown.
Discovery of the primary source of ciguatoxin. To pursue the food chain down to the origin, we chose a small surgeonfish, Ctenochaetus striatus, as a probable first link for the following three reasons. First, the fish accounted for 65% of ciguatera outbreaks in Tahiti. Second, having small and loosely attached teeth, the fish feed on food of limited composition, microalgae and other microorganisms. Third, the fish was frequently found in the stomach of carnivores, implying that the fish was actually one of the links with large fish. The first breakthrough in toxin etiology was made in 1977, when we observed that the abundance of a disk-shaped dinoflagellate in the digestive contents of C. striatus showed a good correlation with the toxicity of the viscera of the fish.
2) The disk-shaped dinoflagellate was initially assigned as Diplopsalis sp. but in a later study a new genus and a new species was created to name it Gambierdiscus toxicus.
3) G. toxicus grew densely on the surface of a calcareous alga, Jania sp. in the Gambier islands, where construction on surrounding reefs had caused massive death of corals and subsequent proliferation of Jania sp. on dead corals. The collected cells of G. toxicus contained two types of toxins markedly different in polarity. The less polar toxin resembled CTX, while the polar toxins was found to correspond maitotoxin (MTX), which was previously detected in the gut contents of C. striatus and named after the Tahitian name of the fish. A clone culture of G. toxicus was successfully prepared. The culture produced MTX but no CTX, despite our effort to induce CTX production by applying various culture conditions. Thus argument was raised whether CTX detected in the wild sample of G. toxicus was a genuine product of this dinoflagellate or a product of other contaminant organisms. Six years later, we made another expedition to the Gambier Islands for collection. Of 12 clone cultures newly prepared, only one clone produced CTX congeners in a sufficient quantity for chemical characterization, indicating that toxin profiles varied widely among clones. From the new clone couture we could isolate precursor toxins of CTX, finally putting an end to the years of arguments about the origin of ciguatera toxins. The epiphytic nature of G. toxicus explained why ciguatera poisoning often flared up following destructions of coral reefs. When coral dies, calcareous algae proliferate on dead corals and thereby provide G. toxicus with the substrata to grow.
Structures of ciguatoxins.
The first breakthrough in chemical studies was made in a bilateral collaboration for over ten years between a research group in Tahiti and us. We collected 4 tons of moray eels from ciguatera-endemic areas in French Polynesia, extracted 124 kg of the viscera, and obtained 0.35 mg of pure CTX (1) . From the sample of wild G. toxicus collected in the Gambier Islands, was obtained 0.75 mg of a CTX analog coded CTX4B (2) . Working extensively on these small samples by NMR spectroscopy, we successfully determined the structures of the two toxins as shown in Fig. 1. 4) The cultured G. toxicus produced, in addition to CTX4B, two new poly-cyclic-ether toxins, CTX3C (3) and gambierol (4) , and a potent antifungal compound, gambieric acid (5) respectively (Fig. 1) .
four CTX congeners and three congeners of gambieric acid were determined by NMR analysis (structures not shown to save space). Although we could elucidate planar structures and their relative stereochemistry with small samples, the absolute configurations in the toxin molecules could not be determined by the conventional NMR methods. In addition, the quantities available for stereochemical studies were even smaller, because the pure toxins had to be used for other studies as well: e.g. developing analytical methods and a toxicological study to evaluate the health risks. The goals were successfully accomplished by combining new chiral fluorescent HPLC reagents or new anisotropic NMR reagents with chemical degradation and synthesis of partial structures. A typical example is seen in our experiment to determine the absolute configuration at C2 in CTX (1) . As shown in Scheme 1, hydroxyl groups of 1 (5 µg) were protected as (benzyloxy)methyl (BOM) ether. The resultant ether was cleaved at the C3/C4-double bond with OsO 4 /NaIO 4 to produce an aldehyde, which was immediately reduced with NaBH 4 to yield a glycerol derivative. The alcohol was esterified with a fluorescent chiral reagent, [(S)-TBMBcarboxylic acid], and the resultant ester was compared by HPLC with synthetically prepared (2S)-and (2R)-TBMB esters. The retention times of the derivative CTX (1) on two different chromatographic columns agreed well with those of the reference TBMB ester from 2S-standard. The C2 configuration in CTX (1) was thus determined to be S using only 5 µg of the toxin. 9) Chromatographic analysis of extracts prepared from three clones of G. toxicus and three species of fish revealed presence of many CTX congeners, but they were too small to be studied by NMR experiments. The spectra produced by conventional FAB MS/MS methods were dominated by ions resulting from sequential loss of water, providing little structural information. However, we found that addition of sodium chloride to matrix markedly enhanced the intensity of sodiated ions and that collision induced fragment ions of the sodiated ions mimicked the fragmentation patterns typical for charge-remote CID FAB MS/MS. Obviously, the sodium ion was localized on two proximal oxygen atoms residing at a terminus of the molecules and thereby acted as a charge site to produce the charge-remote fragmentation pattern. The spectra thus obtained enabled straightforward interpretation of the ring alignment and the type and position of substitutions. In some instances where the above experiments did not clarify the structures, we introduced a strong negative charge into the molecules in question by preparing 2-sulfo-benzoates and conducted negative FAB MS/MS experiments. The resultant negative ion spectra provided more detailed information, than the positive ion spectra did, and enabled us to clarify the type and position of a functional group. Structures of as many as 23 CTX congeners could be thus elucidated using less than 10 µg of samples.
10) The 23 congeners are not shown for the limited space, but it was evident from their structures that CTXs produced by G. toxicus underwent metabolic changes in fish. The structural modifications took place at the terminal parts of the molecules. The type of the modification was mostly oxidation but included in a few examples opening of an ether ring and epimerization of spiro rings. Interestingly, oxidation of CTX4B to CTX in fish increased the mouse lethality by ten times. The lethality of CTX (0.35~0.40 µg/kg) determined in mice by intraperitoneal (i.p.) injection implies that CTX is 25 times more toxic than tetrodotoxin (10 µg/kg) of puffer fish. The minimum dose to cause illness in human by oral intake was estimated to be 70 ng. The structural variety and the extremely low levels of CTXs in fish lay a serious obstacle in developing appropriate detection methods for the toxins.
Structure of maitotoxin (MTX).
Having the molecular weight of 3422, MTX (6) is the largest natural product hitherto elucidated, except for biopolymers. The structural elucidation by NMR was facilitated by the use of 13 C-enriched MTX prepared by adding NaH 13 CO 3 to the culture medium of G. toxicus. cell lines tested and thus was suggested to serve as an excellent tool to probe ubiquitous but hitherto uncharacterized channels. Though potent, MTX may play little role in ciguatera poisoning because of its low concentration in fish and a poor absorption rate from digestive tracts. Etiology of tetrodotoxin. Tetrodotoxin (TTX) in puffer fish is famous for its unique structure and specific action to block the voltage-dependent sodium channel. The toxin is also known for its frequent implication in fatal food poisoning. Despite the generally accepted notion that the toxin was a genuine product of puffer fish, we came to infer its exogenous origin when we detected in our survey on ciguatera low levels of the toxin in the viscera of an angelfish and two parrotfish, all unrelated to puffer fish. 13) In support for the hypothesis, we confirmed that TTX concentrations in puffer fish fluctuated markedly both individually and regionally, analogous with CTX in ciguatera fish. Such fluctuations in tox-icity should have contributed to the ignorance in some people of the potential danger of eating livers. Otherwise, nobody would dare eat the notorious organ. As a candidate for the first link in the hypothetic food chain of TTX, we chose three crabs, Zosimus aeneus, Atergatis floridus, and A. integerrimus. These small crabs inhabiting coral reefs accumulated TTX at high concentrations and their stomachs were full of a calcareous alga, Jania sp. The calcareous alga was collected in Okinawa Island and shown to contain TTX. Subsequent survey revealed TTX contents in the alga to fluctuate widely depending on the site and season of collection, suggesting attaching organisms being responsible for the TTX production. Subsequently two species of bacteria were isolated from the algal surface and one species was confirmed to produce TTX in culture. 14) The bacterium was first classified to Pseudomonas sp. but, because it was a new species, renamed Shewanella alga. 15) From the bacterium culture, TTX (200 µg) and 4,9-anhydroTTX (55 µg) were isolated and unambiguously identified by mouse toxicity, liquid chromatography, mass spectrometry, and chemical degradation to 2-amino-6-hydroxymethyl-8-hydroxyquinazoline. 14) Later, we detected TTX in two other species, Vibrio pelagius biovar II and Alteromonas tetraodonis. 16) These results demonstrated for the first time that bacteria produce TTX and the toxin is transmitted to marine animals through the food chain. In addition to the algae and crabs, we proved occasional occurrence of TTX in the annelid Pseudopotamia occelata and the ivory shell Babylonia japonica, and deduced that they also were a part of the food chain links. 14) To facilitate the survey on TTX, we constructed a fluorescence-detection HPLC analyzer, 17) which enabled us to detect, isolate, and determine structures of seven new analogs of TTX from puffer fish, newts, and a frog (structure not shown).
18)-20)

Diarrhetic shellfish poisoning (DSP).
In 1976 and 1977 a number of people suffered from diarrhea after eating blue mussels Mytylus edulis produced in the northeastern region of Japan. 21) We named this previously unreported enteritis "diarrhetic shellfish poisoning". Two causative toxins isolated were new derivatives of okadaic acid (OA, 7), a cyclic-ether containing carboxylic acid first isolated from sponges. 22) The new toxins were named dinophysistoxin-1 (DTX1, 8) and dinopnysistoxin-3 (DTX3, 9) after the generic name of the dinoflagellate that produced the toxins.
23),24)
Okadaic acid (7) itself was isolated from blue mussels implicated in poisoning outbreaks in Europe. 25) Additionally, a new macrolide toxin, pectenotoxin (10) , and a new ladder-shape cyclic polyether toxin, yessotoxin (11), were isolated from the Japanese scallop, Patinopecten yessoensis.
24),26),27)
We identified 8 species of dinoflagellates belonging to Dinophysis as the sources of OA (7) and DTX1 (8), and D. fortii of pectenotoxin (10).
28),29)
Another dinoflagellate Protoceratium reticulatum produced 11. 30) In shellfish, these toxins underwent metabolic change in structures to produce DTX3 (9) and several other congeners (not shown). The major toxin structures are shown in Fig. 2 , together with photos of D. fortii, and P. reticulatum. Azaspiracid poisoning. In 1995 and thereafter incidents of new shellfish poisoning took place in Europe. We isolated the causative toxin and four analogs and named the main toxin azaspiracid, based on a unique azaspiro structure in the molecule.
31)-33) The proposed structure was recently amended to 12 ( Fig. 1 ) by total synthesis conducted by the K. C. Nicolaou's group.
34)
The origin of 12 was identified as Protoperidinium crassipes (Fig. 2 ) that we first reported as Protoperidinium sp. because of ambiguity in taxonomy. 35) Neurotoxic shellfish poisoning. When the dinoflagellate Karenia brevis (formerly Gymnodinium breve) blooms in the sea, shellfish in nearby areas cause upon ingestion peculiar syndromes named neurotoxic shellfish poisoning. The dinoflagellate was known to produce ladder-shape neurotoxins named brevetoxin A and brevetoxin B, 36),37) but the structures of the toxins accumulated in shellfish were unknown. We isolated for the first time four new toxins from shellfish associated with poisoning outbreaks in New Zealand and demonstrated that they were not the original toxins produced by K. brevis but were the metabolites of brevetoxin B.
The four toxins were code-named BTXB1 through BTXB4. 37)-41) The structures for BTX1 (13), BTXB2 (14) , and BTX4 (15) are shown in Fig. 2 together with the causative dinoflagellate, K. brevis. The structures of BTXB3 indicated that an ether ring in BTXB was cleaved to expose a hydroxyl group which in turn was esterified with a varying kinds of fatty acid (structure not shown). Red tide toxins. Worldwide, red tides of various unicellular phytoplankton pose serious threats to the aquatic ecosystem and aquaculture by killing wide range of fauna and flora. Involvement of toxins in the devastation was easily perceived but the chemical entities of the toxins were unknown, except for those of K. brevis. We investigated Prymnesium parvum, one of the most notorious red tide species to occur in brackish water, and elucidated the complex structures of two major toxins, prymnesin-1 (16) and prymnesin-2 (17) (Fig. 3) . 42 ),43) From K. mikimotoi, a similarly notorious marine species to occur in Japan, Asia, and Europe, we isolated and determined the structure of a new laddershape polyether toxin, gymnocin-A (not shown). Gymnocin-A resembles brevetoxin-B in structure but is larger than the latter. 44) Another closely related red tide species, Karenia sp., collected in New Zealand, a cyclic-imine-macrolide named gymnodimine was determined (not shown).
45)
Toxins of marine blue-green algae. Red algae of genus Gracilaria and some related species are eaten in many parts of the world but occasionally cause severe, or often fatal, food poisoning. From Polycavernosa tudai (syn. Gracilaria edulis) respectively involved in fatal incidents in Guam and the Philippines, we isolated new macrolide glycosides.
46)-48) The structure for the major toxin named polycavernoside-A (18) is shown in Fig. 4 . The macrolide skeleton in polycavernoside-A (18) resembles that in aplysiatoxin, a product of the bluegreen alga, Lyngbya majuscula. 49) Furthermore, toxicity could be detected in a filamentous blue-green alga attaching P. tsudai. It was highly probable, therefore, that 18 had the origin in the blue-green alga rather than P. tsudai. In a study on another red alga implicated in poisoning in Hawaii, aplysiatoxin (19) was isolated. 50) From meat of the marine turtle that caused fatal poisoning in Madagascar, we detected lyngbyatoxin-A (20), 51) another toxic product of L. majuscula. 52) Because this blue-green alga often grows attached to turtle grass, the favorite food of turtles, it was inferred that lyngbyatoxin-A found in the turtle meat was derived from the bluegreen alga. Discussion. We determined chemical structures of many toxins implicated in seafood poisoning. Only representative structures are shown in this paper but further information is available in our two review papers. 53 ), 54) The characteristic features of the toxins are summarized as follows: 1) Many toxins possess multiple ether rings, often aligned in a ladder-shape. 2) Toxins are large, maitotoxin (6) being the largest (Mw 3422).
3) The toxicity is extremely potent, maitotoxin (6) being the most toxic. Its LD 50 (50 ng/kg, mice by intraperitoneal injection) indicates that it is 200 times more toxic than tetrodotoxin and is only exceeded by a few proteinous toxins of bacteria. Also prominent feature of CTX (1) is that oral intake of as small as 70 ng can cause ill-ness in an adult. It should be noted that in natural product chemistry isolation of target substances comprises a significant part of the time and labor involved. My strategy to combine NMR with FAB MS/MS for elucidating planar structures and relative stereochemistry and to combine chiral reagents with synthesis of partial structures proved to be highly efficient. The stereochemical information obtained in our studies should assist chemists who are endeavoring to determine the total synthesis of marine toxins. From the etiological point of view, the importance of the food chain was clearly demonstrated. The majority of the toxins are produced by dinoflagellates, with a few exceptions of bacteria and blue-green algae. Phylogenetically, dinoflagellates hold a unique position between prokaryotes and eukaryotes and are often referred to as mesokaryotes, but their biological and ecological importance was obscure. Our disclosure of toxicity in many dinoflagellate species, especially in benthic species, sheds new light on the significance of these intriguing organisms in marine ecosystems.
